A detailed study of the action of gamma-aminobutyric acid (GABA) upon spinal synaptic transmission has recently been made, using a multiple-barrelled microelectrode3). This showed that GABA depressed activity of motoneurons and blocked both excitatory and inhibitory synaptic potentials without appreciable effect on the membrane potential. In addition, this substance blocked the excitation of other spinal neurones. Based on these findings, it was concluded that GABA has a non-specific depressant action upon the whole surface membrane of neurones. As pointed out by ELLIOTT & JASPER10), however, the interpretation of effects of electrophoretic application of GABA upon spinal neurones must take into account the uncertainty in assessing concentration and site of the application. GABA topically applied to the exposed spinal cord failed to produce any observable effect on spinal reflexes in the cat15,17,29).
Decerebration was made by intercollicular section under ether anaesthesia.
Decerebrate preparations were paralyzed by injection of d-tubocurarine chloride and respired artificially. In all experiments, more than four hours elapsed between the cessation of ether anaesthesia and the observations. After lumbar laminectomy ventral roots L6, L7 and S1 were cut and prepared for recording of the monosynaptic reflex following stimulation of selected muscle nerves. In some instances afferent volleys were initiated in the central end of distally cut dorsal roots while recording monophasically from several muscle nerves. In the latter method, the amplitude of reflex response was expressed relative to amplitude of response given by discharge of the total motoneurone pool21) . The reflexes were evoked once every sec. All exposed nervous tissue was covered with warm paraffin oil.
GABA (Daiichi Seiyaku, Tokyo) was dissolved in normal saline solution, and 1 ml. of the solution containing GABA in various concentrations was rapidly injected into a superficial vein of a forelimb.
Injection of GABA was made at doses less than 0.80 mg/kg and repeated at intervals of more than 60 min., unless otherwise specified. The total doses of GABA administered, however, did not exceed 2.5 mg/kg.
RESULTS

Effects in Acute Spinal Preparations
Extensor monosynaptic reflexes. As briefly reported in a previous paper22), intravenous injection of GABA consistently produced a transitory reduction in the size of extensor monosynaptic reflex responses in acute spinal preparations. The threshold effective dose was usually 0.30 mg/kg but this varied between 0.10 and 0.40 mg/kg in different preparations. The effect was repeatable when small doses of GABA were given at suitable intervals. FIG. 1A shows effects of repeated administration of GABA on monosynaptic reflex responses in motor nerve to the medial gastrocnemius (MG) following stimulation of central end of distally cut dorsal roots. GABA 0.76 mg/kg was repeatedly injected at 0 time at intervals of 60 min. There was little difference in the depressant effects in three successive observations (FIG. 1A, a, b, c) . The depression usually appeared in 9.3±2.5 (S.D) sec. and lasted for 22.1±9.1 sec. In five out of twentythree preparations, the depression was followed by an appreciable facilitation which persisted for 22 to 57 sec. With shorter intervals of repeated injection, on the other hand, GABA became ineffective in the second or the third administration. It appeared that the rate of inactivation or desensitization was greater with high doses of GABA than with smaller doses . FIG. 1B gives an example of the inactivation in repeated injection of GABA 10 mg/kg with intervals of 15 min. The latency of depression (indicated by arrows) was prolonged and the maximal effect was decreased in the second injection of GABA. The third injection of GABA was completely ineffective on the monosynaptic reflexes. In 60 min. after the inactivation, GABA exerted again a strong depressant action22).
In FIG. 1 , it can also be recognized that the depression of monosynaptic FIG. 1. Effects of systemic GABA on the extensor monosynaptic reflex in acute spinal preparations.
Ordinates, reflex size as percentage of total motoneurone pool. Abscissae, time after injection of GABA. In A, GABA 0.76 mg/kg was repeatedly injected with intervals of 60 min. (a, b, c) . In B, GABA 10 mg/kg was repeatedly injected with intervals of 15 min. (a, b, c reflexes by GABA 10 mg/kg is not remarkably stronger than that by GABA 0.76 mg/kg. In a number of observations, there was no significant difference in the maximal effect of GABA between doses of about 1 mg/kg and more than 10 mg/kg. The maximal depression in the extensor monosynaptic reflex response produced by GABA was about 6 to 35% in the medial gastrocnemius and about 35 to 60% in the soleus, relative to each total motoneurone pool.
Flexor monosynaptic reflexes. The same type of observation was made on monosynaptic reflexes in the flexor motor nerve. Unexpectedly GABA produced a transient facilitation in the majority of the flexor monosynaptic reflexes examined. FIG. 2 shows the effect of GABA on monosynaptic reflex responses simultaneously recorded from a flexor (posterior biceps-semitendinous, BST) and an extensor (medial gastrocnemius, MG) motor nerve following dorsal root stimulation. The facilitation in the flexor monosynaptic reflex (FIG. 2B) showed the same latency and duration as in the depression of the extensor monosynaptic reflex (FIG. 2A) . In some preparations, a short depressant phase preceded the facilitation in flexor monosynaptic reflexes ( see FIG. 3D ) . The effect of GABA on the flexor monosynaptic reflex, however, was relatively variable compared with that on the extensor reflex. The effect of GABA on the extensor monosynaptic reflex was depressant in twenty-five acute spinal preparations with only two exceptions while on the flexor monosynaptic reflex GABA was facilitatory in ten preparations, depressant in three preparations and ineffective in five.
As a possible explanation for this antagonistic action of GABA, one may assume that the subsynaptic areas of motoneurones are specialized so that the same substance activates the flexor motoneurone and depresses the extensor motoneurone (cf. ECCLES, 1953, pp. 170-173) . As shown in FIG. 2 , however, the antagonistic actions of GABA on activities of extensor and flexor motoneurones run so exactly in parallel in the time course and the degree of the effects. This suggests a possibility that GABA produces the antagonistic actions on extensor and flexor monosynaptic reflexes by some common influences such as changes in the background activity of interneurones influencing the motoneurone.
Polysynaptic reflexes. The effect of GABA on polysynaptic reflexes was tested by recording the ventral root discharge following stimulation of the sural nerve. In eight experiments, such polysynaptic reflex responses were generally enhanced by GABA. Both the latency and the duration of the effects of GABA on polysynaptic reflexes were comparable with those noted above on monosynaptic reflexes. In a few experiments involving the polysynaptic reflex, recordings were made from the flexor motor nerve instead of the ventral root following stimulation of the sural or the fibular femoral cutaneous nerve with identical results. In contrast to these, however, polysynaptic responses in the flexor motor nerve following dorsal root stimulation were little affected by injection of GABA. This particular phenomenon was not explicable.
II. Effects in Decerebrate Preparations
The above characteristic effects of GABA in acute spinal preparations could not be demonstrated in decerebrate preparations, Although in a few decerebrate Arrows indicate changes in the average excitability of the monosynaptic reflexes before and after spinal section.
Afferent stimulation was given to dorsal roots every 1 sec.
animals GABA produced potentiation both in the flexor and extensor monosynaptic reflex responses, this potentiation lasted for a fairly long period (cf. (FIG. 3D) . Spinal transection in a decerebrate animal usually resulted in a decrease of the extensor monosynaptic reflex as indicated by arrow in FIG. 3 . But an identical result was observed in a preparation in which extensor motoneurone excitability was exceptionally increased by spinal transection.
W. Effects on Spinal Reflexes Conditioned by Afferent Volleys
Recent studies have revealed that there is a dissimilarity in reflex effects between decerebrate and spinal cats9,18,23). Certain reflex actions of Group II and III muscle afferent fibres are absent in decerebrate cats and present in spinal cats9,23). It was also possible to mimic, in spinal preparations, the type of reflex seen in a decerebrate animal by conditioning with cutaneous nerve volleys23). A similar dissimilarity in GABA action between decerebrate and spinal cats suggested that effects of GABA on spinal reflexes activated or inhibited by some afferent volleys should be investigated.
Conditioning by cutaneous volleys. The short latency excitation of flexor motoneurones by a sural volley is usually followed by facilitation of some extensor motoneurones and inhibition of some flexor motoneurones13). In the following experiments, the BST or TS (triceps surae) monosynaptic reflex in acute spinal preparations was preceded by a sural volley by 35 to 50 msec. With this timing sural volleys produced a facilitation of the TS reflex and an inhibition of the BST reflex with few exceptions. In FIG. 4A , the monosynaptic reflex response was evoked by test shocks delivered to the BST afferent fibres once every sec., and every other test shock was preceded by sural conditioning stimulation. The BST reflex amplitude was plotted directly in arbitrary units in the absence (open circles) and the presence (filled circles) of the conditioning by sural. The sural conditioning volley decreased appreciably the average size of the BST reflex as indicated by arrow on left. Injection of GABA 0.60 mg/kg at 0 time produced a transitory facilitation in the unconditioned BST mono- synaptic reflex (open circles). In the presence of the background sural effect (filled circles), on the other hand, the BST monosynaptic reflex was not at all influenced by GABA just as in decerebrate animals. In an exceptional case, sural volleys with similar timing produced a facilitation in the BST monosynaptic reflex response. In the presence of such facilitatory sural conditioning, potentiation of the BST reflex by GABA was converted into a depression (FIG. 4B) .
Similar test was made on the TS monosynaptic reflex. FIG. 5A illustrates a typical depression of the TS monosynaptic response by GABA in an acute spinal cat. The average size of the test reflex was then increased by sural conditioning volley (FIG. 5B) . The same dose of GABA produced the effect on the TS reflex essentially similar to that in the absence of sural conditioning. In a number of observations, the sural conditioning failed to change the action of GABA on the TS monosynaptic reflex. Although in some cases the depressant action of GABA was slightly reduced in the presence of conditioning by sural, its significance was doubtful. Conditioning by Group II and III afferent volleys.
In spinal cats the excitability of BST motoneurones is regularly increased by activity in the Group II and Group III afferent fibres arising from TS nerve24,26). In the presence of conditioning of Group II and III afferent fibres from TS nerve, GABA action on the BST monosynaptic reflex response was abolished. A typical example is shown in FIG. 6 . The unconditioned BST monosynaptic reflex was potentiated by GABA (FIG. 6A) .
In FIG. 6B, the BST reflex was facilitated by Group II and III conditioning from TS nerve with interval of 12 msec. GABA produced no observable effect on the BST reflex conditioned by Group II and III afferent fibres. The TS monosynaptic reflex responses can be inhibited by conditioning of Group II and III afferent fibres from BST nerve. Such conditioning volleys, however, did not cause any change in the depressant action of GABA on the TS monosynaptic reflex response.
Conditioning by Group I afferent volleys. As shown above, when the activity of monosynaptic reflexes was altered by conditioning volleys of various inputs the effect of GABA varied remarkably. The following observations were made to test whether the change in effects of GABA was a function of the relative excitability of the motoneurones giving rise to the testing reflex. FIG . 7 illustrates this type of experiment. The BST monosynaptic reflex was enhanced by injection of GABA (FIG. 7Aa) . After 60 min., the same procedure was repeated decreasing the size of the Group I volley evoking the test monosynaptic discharge (FIG. 7Ab) . For these sizes of BST input the facilitatory effect of GABA appears essentially parallel. The result indicates that the effect of GABA GABA was given in the falling phase of the post-tetanic potentiation.
This produced an apparent hump during the falling phase, and the effect was also essentially similar to those in  FIG. 7A .
The effect of GABA on Group Ia inhibition was observed on inhibition of BST monosynaptic reflexes by afferent volleys in the quadriceps nerve. There was little difference in the effect of GABA on the BST reflexes conditioned and unconditioned by the quadriceps afferent volleys. In two preparations, monosynaptic reflex responses in BST and lateral gastrocnemius-soleus (LGS) motor nerves were conditioned by antidromic inhibition through axon collaterals of MG motoneurones32) . GABA actions, on BST and LGS monosynaptic reflexes following dorsal root stimulation, were not influenced by the MG antidromic conditioning volleys.
IV. Interactions with Nembutal and Strychnine
Nembutal.
On the basis of the assumption that GABA action may greatly be influenced by changes in the background activity of interneurones, the effect of nembutal on GABA action was tested. It is generally known that nembutal, given in appropriate doses, depresses interneuronal activity without marked change of the monosynaptic reflex response. Intravenous injection of less than 10 mg/kg nembutal invariably abolished or reduced the facilitatory effect of GABA on the flexor monosynaptic reflex. The depressant action of GABA on the extensor monosynaptic reflex, however, was relatively resistant to nembutal. In two out of five preparations, the depression of the extensor monosynaptic reflex by GABA was not at all influenced by nembutal, 6 mg/kg and 8 mg/kg. The most observed striking effect of nembutal upon GABA action on the extensor monosynaptic reflex is shown in FIG. 8 . GABA 0.51 mg/kg produced a strong depression in the soleus monosynaptic reflex (FIG. 8A) . Nembutal 5.5 mg/kg was intravenously injected 10 min. before the second application of GABA. The second injection of GABA was then completely ineffective (FIG. 8B) . In 70 min. after injection of nembutal, GABA action showed a slight recovery (FIG. 8C) .
Strychnine. The synaptic inhibitory actions exerted upon spinal motoneurones are specifically depressed by strychnine1,2,6,20). It has, however, been shown that strychnine does not prevent the depressant effect of GABA iontophoretically applied to spinal neurones3). A similar finding has been observed in the course of the present study. FIG. 9 gives an example of GABA action in such a situation. The monosynaptic discharge was simultaneously recorded. from BST and LGS motor nerves following stimulation of dorsal root. Administration of GABA 0.48 mg/kg caused an increase of the BST monosynaptic reflex size and a decrease of the LGS monosynaptic reflex (FIG. 9A,C) . The same dose of GABA was again injected 10 min. after intravenous injection of strychnine nitrate 0.057 mg/kg. Strychnine caused an increase in average size of both types of monosynaptic reflexes as indicated by arrows. After injection of strychnine, changes in reflex amplitudes by GABA were observed only in the LGS monosynaptic discharge (FIG. 9B,D) . The depressant action of GABA on the extensor monosynaptic reflex has never been found to be affected by injection of strychnine. On the other hand, the facilitatory action of GABA on the flexor monosynaptic reflex was reduced or abolished by injection of strychnine, and in some instances it was converted into a depressant effect. by beta-alanine and upon all type of cells in the spinal cord3) . In the present study, on the other hand, the effect of systemic GABA was transitory and was gradually inactivated when administration was repeated with short intervals. The possibility that these effects may be due to secondary to actions on the blood pressure and/or on the afferent input has been excluded22) . On the basis of an assumption that GABA is a general depressant in the spinal cord3), it may be difficult to offer an explanation for this inactivation of GABA action. It was also found that systemically applied beta-alanine and other certain omegaamino acids similarly produced a depressant action on the extensor monosynaptic reflex but the potencies were apparently dependent upon the carbon chain length of the omega-amino acids30) . A similar finding and more detailed studies of pharmacological modification of GABA action were made by Inouye and his collaborators in the spinal cord of the frog (discussion in 16) . It should, however, be noted that there were several differences in the experimental conditions between the present study and the study by CURTIS et al.3) . In their study, cats
were anaesthetized with pentobarbital sodium, and their particular methods were necessarily required to apply GABA as cations or anions but not as dipolar ions (zwitterion) . It is not unlikely that characteristic actions of GABA may be obtained only when administered in the form of dipolar ions.
One of the unexpected results in the present study was the antagonistic effects of GABA on the extensor and flexor monosynaptic reflexes.
Similar antagonistic action, however, has already been found in the effect of Factor I on extensor monosynaptic and flexor polysynaptic reflex pathways11).
As described in Results, the antagonistic effects of GABA on two types of monosynaptic reflexes may be attributable to some common influences such as changes in the background internuncial activity.
In support of this assumption, it was found that the action of GABA was eliminated when the activity of spinal interneurones was blocked by nembutal.
Also when the activity of interneurones influencing the motoneurone was altered by volleys delivered to cutaneous or high threshold muscle afferent fibres, the GABA action was remarkably changed.
These changes in GABA action by alteration of internuncial activity were not observed in the extensor monosynaptic reflex. However, the absence of GABA action in decerebrate animal and the presence in spinal preparation strongly suggest that the depressant effect on the extensor monosynaptic reflex might also be due to changes in the internuncial activity by GABA.
Since GABA action could not be modified when the excitability of motoneurones was altered by changing the Group I volley evoking the test monosynaptic discharge, it may be concluded that GABA acts selectively on some spinal interneurones but not on motoneurones themselves.
Recent studies7,8) have suggested that an interneurone was interpolated in the `direct' inhibitory pathway by Group Ia impulses onto motoneurones of antagonistic muscles (see, however, 12, 27) ) . When the excitability of monosynaptic reflex responses was altered by such direct inhibitory volleys, no appreciable changes in GABA action were observed. Similarly GABA action was not influenced by antidromic inhibitory volleys through Renshaw cells. These results indicate that GABA may exert a specific action upon certain limited interneurones which are intercalated in the reflex pathways of Group II and Group III fibres of muscle nerve and of some cutaneous afferent fibres and are tonically controlled by suprasegmental activity.
The present study does not permit a definite conclusion as to whether GABA depresses some spinal interneurones or activates them. Under administration of strychnine which may selectively block actions of inhibitory interneurones, the facilitatory effect of GABA was abolished or reduced, the depressant action on the extensor monosynaptic reflex being unaltered.
This may suggest that the primary action of GABA is presumably to depress excitatory spinal interneurones. In the extensor motoneurone, motoneurones of red muscles may receive a larger connexion from interneurones than motoneurones of pale muscles, since evidence exists that motoneurones of red muscles are characterized by relatively dense synaptic contacts, both excitatory and inhibitory, on their cell bodies5,21) . This probably accounts for stronger action of GABA in soleus monosynaptic reflex than in gastrocnemius reflex. SUMMARY 1. In unanaesthetized acute spinal cats, intravenous injection of GABA above 0.30 mg/kg consistently depressed the extensor monosynaptic reflex, while the flexor monosynaptic reflex was usually facilitated. GABA action gradually decreased when systemic administration was repeated with short intervals. 2. These actions of GABA was not demonstrated in decerebrate cats. 3. The effect of GABA on the flexor monosynaptic reflex was remarkably altered by changes in the internuncial activity produced by cutaneous, Group II and III afferent conditioning volleys. 4. GABA action was not influenced by Group I afferent and antidromic axoncollateral conditioning volleys. 5. Nembutal anaesthesia resulted in elimination of GABA action. Strychnine abolished or reduced the facilitatory effect of GABA on the flexor monosynaptic reflex. 6. It was concluded that GABA may selectively block some excitatory interneurones which are intercalated in the reflex pathways of Group II and III fibers of muscle nerve and of some cutaneous afferent fibres and are tonically controlled by suprasegmental activity.
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